INTRODUCTION
Mastitis is one of the most important infectious diseases occurring in dairy cattle herds, causing significant financial losses worldwide. Staphylococcus aureus is a major pathogen associated with bovine mastitis (Wilson et al., 1997; Brito et al., 1999) .
The results of different studies, with a few exceptions (Joo et al., 2001) , suggest that relatively few S. aureus clones are responsible for the majority of bovine intramammary infections and that these clones have a broad geographical distribution (Matthews et al., 1994; Kapur et al., 1995; Fitzgerald et al., 1997; Mork et al., 2005) . Interestingly, the most prevalent bovine mastitis clones have rarely been recovered from humans, suggesting a host specificity of S. aureus clones (Kapur et al., 1995; Larsen et al., 2000) . However, Mork et al. (2005) observed that common genotypes caused mastitis in cows, goats and sheep, suggesting anatomical site specificity rather than host specificity.
Most epidemiological studies have used techniques that rely on comparison of electrophoretic patterns, such as PFGE , random amplified polymorphic DNA analysis (Matthews et al., 1994; Fitzgerald et al., 1997) , ribotyping (Fitzgerald et al., 1997; Larsen et al., 2000) and multilocus enzyme electrophoresis (Kapur et al., 1995; Fitzgerald et al., 1997) . Although most of these techniques are highly discriminatory, interlaboratory comparisons may be difficult. To overcome this disadvantage, more reproducible methods based on sequencing of gene fragments, such as multilocus sequence typing (MLST), have been developed. MLST is amenable to longer-term and global epidemiological studies as it is based on variation that accumulates relatively slowly. This method has a high discriminatory power and the data can be compared across laboratories by making them accessible through the Internet (Enright & Spratt, 1999) .
MLST has been used to characterize and investigate the distribution of S. aureus clones associated with human infections (Enright et al., 2000 (Enright et al., , 2002 Feil et al., 2003; Robinson & Enright, 2004; Vivoni et al., 2006) and with bovine mastitis (Kwon et al., 2005; Smith et al., 2005a, b) . However, to date, MLST data on bovine isolates are still scarce. Additional studies are necessary to determine the distribution of the clones associated with bovine intramammary infections worldwide and to confirm whether a few specialized clones are responsible for the majority of mastitis cases. A better understanding of the epidemiology of this pathogen may contribute to the development of more effective measures for the control of bovine mastitis.
The purpose of the present study was to investigate the genetic diversity of S. aureus isolates from cows with mastitis in dairy herds located in Brazil and to examine whether any of the Brazilian S. aureus isolates were related to internationally distributed lineages.
METHODS
Bacterial isolates and identification. A total of 227 S. aureus isolates was included in this investigation. They were recovered from milk samples collected from cows with subclinical mastitis (with the exception of 2 isolates from clinical mastitis) belonging to 18 dairy herds distributed among 9 municipal districts of Rio de Janeiro state (Fig. 1) , located in the south-eastern region of Brazil, between July 2001 and July 2004. The distance between these municipal districts ranged from 31 to 269 km. Milk samples were collected, according to the National Mastitis Council (1999) recommendations, from individual mammary quarters with a suspicious or positive reaction in the California mastitis test (milk thickening or gel formation), and from two animals showing signs of mastitis (presence of clots or blood in milk, or mammary quarter inflammation). A 0.01 ml volume of each milk sample was inoculated onto sheep blood agar and incubated for 24-48 h at 37 uC. Bacterial strains were identified by colony morphology on sheep blood agar and by conventional phenotypic methods, including catalase, tube coagulase and VogesProskauer tests (National Mastitis Council, 1999) . A PCR assay using primers specific for a S. aureus 16S rRNA gene fragment was used to confirm the bacterial species identification (Lovseth et al., 2004) .
PFGE. All bacterial isolates were analysed by PFGE as described previously (Rabello et al., 2005) . Chromosomal DNA was digested with SmaI (Roche). Fragments were separated in a 1.0 % agarose gel in a CHEF-DRIII system (Bio-Rad) with pulse times increasing from 2 to 35 s over 21 h at 13 uC at a voltage gradient of 6 V cm 21 . Analysis of SmaI restriction patterns was performed initially by visual inspection, as suggested by Tenover et al. (1995) . Isolates with identical restriction patterns in terms of size and number of bands were assigned to the same pulsotype (PT). PTs that differed from the main PTs by one to three bands were considered to be closely related. Computer-assisted analysis was performed with the MOLECULAR ANALYST FINGERPRINTING PLUS software package, version 1.6, of the Image Analysis System (Bio-Rad). The Dice coefficient and a tolerance of 0.5 % were used to calculate the similarity matrix, and a dendrogram was generated by the unweighted pair group method with arithmetic mean.
MLST. A total of 62 S. aureus isolates, representing all PTs identified by PFGE in the present study, were analysed by MLST as described by Enright et al. (2000) . PCR products were purified using a QIAquick PCR purification kit (Qiagen), as recommended by the manufacturer, and sequenced. LASERGENE 6.0 software (DNASTAR) was used to analyse the sequences. Alleles and sequence types (STs) were identified using the MLST database (http://www.mlst.net). Forward and reverse trace files of putative novel alleles and the allelic profiles of novel STs were sent to the database curator for allele or ST number assignment and entry into the database. Subsequently, the isolates were grouped in clonal complexes (CCs) and analysed in conjunction with the entire S. aureus MLST database (http://saureus.mlst.net) with the program eBURST v3 [enhanced version of BURST (Based Upon Related Sequence Types)] (Feil et al., 2004) .
RESULTS AND DISCUSSION
The genetic diversity of the 227 S. aureus bovine isolates included in the present study was initially assessed by PFGE. Between 7 and 12 bands ranging from 45.8 to 436.5 kb were included in the analysis and yielded 60 PTs. A total of 13 PTs (PT7, PT8, PT11, PT12, PT19, PT23, PT31, PT33, PT41, PT42, PT48, PT50 and PT58) were common to multiple herds and were represented by 122 isolates (53.8 %). PT7, PT11, PT19 and PT31 were isolated from six or seven herds, which were distributed in four to seven distinct municipal districts. These four PTs accounted for 93 (41 %) of the 227 isolates (Fig. 2) .
PT11 was the most frequently isolated PT, representing 20.3 % (n546) of all isolates. Another 16 PTs (PT2, PT5-PT8, PT12-PT20, PT23 and PT24) differed by up to three bands from PT11 by visual inspection and were thus considered to be closely related to PT11. In general, these PTs were found in herds where PT11 was also present. These 17 PTs were represented by 113 isolates (49.8 %), which were recovered from 11 herds (Table 1, Fig. 2 ). In the dendrogram generated by computer-assisted analysis (Fig. 2) , the similarity among these PTs ranged from 74 to 96 %. Likewise, another six PTs (PT30, PT32-PT36) were considered to be closely related to PT31 as they had up to three band differences when compared with PT31. Except for PT33, these were recovered only from herds where PT31 was also isolated. Approximately 11 % (n524) of all isolates belonged to one of these seven PTs with similarity percentages ranging from 80 to 96 % (Table 1, Fig. 2 ). Different PTs, ranging from 2 to 13 PTs, were also observed within almost all herds. However, closely related PTs were observed within several of these herds, suggesting that they may have a common ancestor (Table 1) . The predominance of a limited number of closely related PTs responsible for bovine mastitis from distinct herds and within herds suggests that strains belonging to these PTs have a greater capacity to spread and cause intramammary infection. Other studies suggesting that relatively few clones are responsible for the majority of the S. aureus mastitis cases in dairy cattle have been reported (Matthews et al., 1994; Kapur et al., 1995; Fitzgerald et al., 1997; Larsen et al., 2000; Mork et al., 2005) . However, it is difficult to compare the genotypes identified by the different methods used in these studies and thus to speculate on the spread of the various genotypes around the world.
A group of 62 S. aureus isolates was selected for MLST analysis, including at least one strain of each PT. Isolates recovered from animals in distinct herds and collected in different years were included in this group. A total of 11 STs was detected among the isolates analysed. Seven new alleles and seven new STs were identified and submitted to the S. aureus MLST database. The new alleles contained only one nucleotide difference from the alleles already described in the S. aureus MLST database. According to the analysis by eBURST v3, the S. aureus strains tested in the present study belonged to six CCs when compared with the entire S. aureus MLST database (Table 2) . A CC is defined as a group of isolates that share at least six of seven alleles with another ST in the group (Feil et al., 2004) .
In the present study, PFGE was more discriminatory than MLST. PTs with similarity percentages greater than 65 % belonged to the same CC. Most of the PTs (n547) belonged to CC126 or CC97. PTs belonging to CC126 or CC97 were recovered from 13 herds, in eight municipal districts, and 14 herds, in nine municipal districts, respectively (Table 1, Fig. 2 ).
Approximately half of the PTs (n528) analysed by MLST, including PT11 and its closely related PTs (n516), belonged to CC126. These PTs (PT1-PT28) had similarity percentages ranging from 68 to 96 % and up to five band differences compared with PT11. Nineteen PTs (PT29-PT47), with similarity percentages ranging from 66 to 96 %, belonged to CC97. PT31 and its closely related PTs (n56) were assigned to this CC. Of 18 PTs, 11 had up to six band differences from PT31. Seven PTs (PT49-PT55), with similarity percentages ranging from 74 to 92 %, belonged to CC1. Between two and eight band differences were observed among these PTs. They were found in four (2) CC97, CC126, CC133 *Year in which milk samples were collected in each herd. DPTs listed in square brackets were considered to be closely related as they differed by no more than three bands from the most commonly occurring PT (shown in bold). dCCs corresponding to the PTs found in each herd.
herds located in four municipal districts. Three PTs (PT58, PT59 and PT60) belonged to CC30, with similarity percentages ranging from 44 to 82 %. PT58 and PT59 differed by three bands, whilst PT60 differed by more than six bands from PT58 and PT59. PTs belonging to CC30 were found in four herds located in four municipal districts. Two PTs (PT56 and PT57), isolated from the same herd, belonged to CC5. They had a similarity of 94 % and only one band difference between them. Only one PT (PT48), found in two herds located in different municipal districts, belonged to CC133 (Table 1, Fig. 2 ).
Some PTs were assigned to the same CC but had more than four or sometimes more than six band differences. Most of these PTs were found within the same herd, suggesting that they had a common ancestor. Mastitis caused by S. aureus is a chronic infection, which may persist for several months (Smith et al., 2005b) and may allow evolution of the PTs by mutation.
Although few studies have analysed bovine S. aureus isolates by MLST, all CCs detected in the Brazilian herds have also been found in S. aureus isolates from mastitis cases in other countries (Smith et al., 2005a) . In our study, the majority of S. aureus isolates were identified as members of CC126 and CC97. CC97 was recently described in one study that analysed bovine S. aureus isolates from Chile, the USA and the UK (Smith et al., 2005a) . Bovine isolates of CC97 were the most frequently detected in Chile (milk samples) and in the USA (mainly milk samples), but they were not detected in the UK. Strains of ST126 were also detected in the same study but only in herds in the USA (milk and milking machine liner samples) (Smith et al., 2005a) . CC97 was also identified in another study including a large number of S. aureus isolates from the UK, but all were recovered from cows and the environment of a single organic dairy farm (Smith et al., 2005b) . CC97 was also infrequent among isolates recovered from bovine bulk milk and raw-milk products in Norway .
The second most prevalent CC found in this study (CC97) has also been detected among S. aureus isolates from the majority of bovine mastitis cases investigated in other countries located in different continents. Isolates belonging to CC126 were the most frequently recovered group in this study, showing that different CCs may predominate in distinct geographical areas. Recently, Aires-de-Sousa et al. (2007) reported the isolation of these two CCs from bovine mastitis in another region of Rio de Janeiro state. However, isolates belonging to CC97 were predominant. In contrast to CC126, CC97 was also recovered from other ruminants (goat, sheep and buffalo) with mastitis.
CC97 and CC126 have been rarely and never detected among isolates from human beings, respectively (Feil et al., 2003; Smith et al., 2005a; www.mlst.net) . These observations suggest that these strains are specific for ruminant intramammary infections. Nevertheless, important CCs associated with S. aureus infection in human beings (CC1, CC5 and CC30) worldwide, including Brazil, were also found in isolates from cows in six herds located in five municipal districts. Isolates belonging to CCs associated with infections in human beings have also been observed in other studies from bovine isolates (Smith et al., 2005a, b) , including meticillin-resistant S. aureus (MRSA) strains (Kwon et al., 2005) . This finding indicates the possibility of transmission of strains between humans and bovines/dairy products, although it does not seem to be a frequent event (Zadoks et al., 2000; Lee, 2003) . Isolates belonging to CC1, CC5 and CC30 have frequently been isolated from asymptomatic carriers or patients with invasive diseases (Enright et al., 2000; Feil et al., 2003; Aguiar-Alves et al., 2006; Layer et al., 2006; Vivoni et al., 2006) . Studies have suggested that the genetic backgrounds of these CCs have features allowing enhanced capacity of spread among human beings (Gomes et al., 2006) . In addition, CC5 and CC30 correspond to some of the current major epidemic MRSA lineages responsible for hospital-acquired and/or community-acquired MRSA (Ribeiro et al., 2005; Gomes et al., 2006) . In the present work, isolates belonging to these CCs were meticillin susceptible (results not shown).
In conclusion, this study evaluated the genetic diversity of S. aureus isolates from cows with mastitis in Brazilian herds. The majority of infections were caused by a limited number of clones, which were related to international circulating bovine S. aureus lineage strains. In addition, the analysis of isolates from a geographical region that has scarcely been surveyed by MLST identified new STs. The occurrence of widespread bovine mastitis-associated CC S. aureus strains suggests that they carry traits that enhance their capacity to cause infection or survive in the bovine host. Investigation of specific traits of these lineages might provide information about possible targets for mastitis control measures.
